. Environmental and economic assessment of pavement construction and management practices for enhancing pavement sustainability. Resources, Conservation and Recycling, Elsevier, 2017, 116, pp.15-31. 10.1016/j.resconrec.2016 WMA mixtures, reducing energy consumed and emissions generated in mixtures production, applying 7 in-place recycling techniques, and implementing preventive treatments. In this study, a comprehensive 8 and integrated pavement life cycle costing-life cycle assessment model was developed to investigate, 9 from a full life cycle perspective, the extent to which several pavement engineering solutions, namely 10 hot in-plant recycling mixtures, WMA, cold central plant recycling and preventive treatments, are 11 efficient in improving the environmental and economic dimensions of pavement infrastructure 12 sustainability, when applied either separately or in combination, in the construction and management 13 of a road pavement section located in Virginia, USA. Furthermore, in order to determine the preference 14 order of alternative scenarios, a multicriteria decision analysis method was applied. The results showed 15 that the implementation of a recycling-based maintenance and rehabilitation strategy where the asphalt 16 mixtures are of type hot-mix asphalt containing 30% RAP, best suits the multidimensional and 17 conflicting interests of decision-makers. This outcome was found to be robust even when different 18 design and performance scenarios of the mixtures and type of treatments are considered. 19 20
Introduction

1
With the recent launch of the Build America Investment Initiative (White House, 2014), a US 2 government-wide initiative that aims to tackle the pressing infrastructure investment needs of the United 3
States as well as to promote economic growth, many Departments of Transportation (DOTs) will likely 4 renew their efforts both in the construction of new highway infrastructures and in the maintenance of 5 those already built. 6 The activities underlying to the construction, operation and maintenance of highway infrastructures 7 are notorious for the large amounts of natural materials and energy resources they consume, as well as 8 for the considerable environmental impacts they generate (BCRB and HCA, 2011) . In addition, the 9 strong and growing evidence of the environmental effects of these activities, along with stringent 10 environmental regulations, has strengthened the commitment of DOTs in delivering infrastructures in 11 a more environmentally preferable way, while also using funds in the most economically responsible 12 manner possible. This fact has motivated DOTs, and the pavement community in general, to investigate 13 strategies that improve the environmental performance and reduce the costs of road pavement 14 construction and maintenance practices by using sustainable engineering solutions. Some examples of Despite the fact that the majority of the results of those studies have to some extent corroborated the 27 environmental benefits with which they are a-priori associated, it is not uncommon that they have been 28 obtained by applying methodologies that disregarded the environmental burdens of some processes and 29 pavement life cycle phases. Added to this, as the primary goal of a transportation agency still remains 30 to provide maximum pavement performance within budgetary constraints, a solution which is found 31 environmentally advantageous might not be preferred to another one technically equivalent if it is not 32 economically competitive. Furthermore, there are still some questions about (1) the extent to which 33 such solutions are cost effective throughout their life cycle, (2) which factors are the key drivers of their 34 economic performance, and (3) who are the stakeholders that benefit most from the application of those 35 solutions. 36 Facing this bicephalous challenge and providing answers to the aforementioned questions requires 37 multidimensional life-cycle modelling approaches, such as life-cycle assessment (LCA) and life cycle 38 costing (LCC), which enable long-term economic and environmental factors to be included in the 39 decision-making process by providing a comprehensive and cumulative view of both the environmental 40 and economic dimensions of a given technical solution. However, it is important to underline that life-41 cycle modelling approaches by themselves will not necessarily determine which solution is most 42 suitable for a given purpose. Rather, the information that they make available should be used as one 43 component of a more comprehensive decision making process, which among other merits, will allow 44 the tradeoffs between the interests of the multiple stakeholders to be assessed. 45 46 
Objectives
47
The main objectives of this paper are (1) to investigate from a life cycle perspective the extent to which 1 several pavement engineering solutions, namely hot in-plant recycling mixtures, WMA, cold central 2 plant recycling (CCPR) and preventive treatments, are efficient in improving the environmental and 3 economic dimensions of pavement infrastructure sustainability, when applied either separately or in 4 combination, in the construction and management of a road pavement structure and (2) to raise 5 awareness of the importance of extending the system boundaries of environmental and economic life 6 cycle assessments, in order to include materials and processes which, when taken into consideration, 7 may eventually reverse the sustainability of a solution, in comparison to the situations where they are 8 not accounted for. 9 For this purpose, a comprehensive and integrated pavement life cycle costing-life cycle assessment 10 (LCC-LCA) model has been developed, which encompasses all six pavement life cycle phases into the 11 system boundaries, including the usage phase, and accounts for the upstream impacts in the production 12 of elements commonly disregarded by the majority of the existing pavement LCA models. 13 Finally, to account for the often conflicting interests of the multiple stakeholders involved in the 14 decision making process within pavement management, the pavement construction and maintenance 15 scenarios considered in this paper were further analyzed by employing a multi-criteria decision making 16 (MCDM) method. 17
3. Background to the life cycle modeling approaches adopted in the proposed framework 18 19 LCA is a widespread, though still evolving, systematic environmental management tool used for 20 assessing the potential environmental impacts and resources consumed throughout a product's lifecycle 21 from a cradle-to-grave perspective, i.e., from raw material acquisition, via production and use phases, 22 to the end-of-life phase. 23 The LCA approach formalized by the ISO 14040 series divides the LCA framework into four 24 iteractive stages (ISO, 2006a,b): (i) goal and scope definition; (ii) life cycle inventory analysis (LCI); 25 (iii) life cycle impact assessment (LCIA); and (iv) interpretation. The goal and scope definition 26 introduces the purpose for carrying out the study, the intended application, and the intended audience. 27 It is also in this stage that the system boundaries of the study are described and the functional unit is 28 defined. The LCI compiles the inputs (resources) and the outputs (emissions) from the product over its 29 life-cycle in relation to the functional unit. The LCIA seeks to establish a linkage between the system 30 and the potential to cause human and environmental damage. In the interpretation, the results from the 31 previous phases are evaluated in relation to the goal and scope in order to identify analysis refinements 32 and improvements, reach conclusions and recommendations, and, in general, aid in the decision-making 33 process (Finnveden et al., 2009). 34 On the basis of the approaches for compiling the LCI, an LCA methodology can be classified into 35 three main categories: (i) process-based LCA (P-LCA); (ii) input-output LCA (I-O LCA); and (iii) 36 hybrid LCA. 37
Life cycle assessment
In the P-LCA, process-specific data for each process of the product life cycle is compiled to form 38 a tailored process diagram that covers the whole life cycle. Each of the diverse processes within the 39 system boundaries is then thoroughly analyzed, which leads to very accurate LCI results. However, due 40 to the commonly high number of single processes existing in a product life cycle, accounting for all of 41 them can be a time consuming and detail-intensive procedure. A P-LCA practitioner has to define which 42 processes are included within the chosen system boundaries. Ideally, those that are left out should have 43 an insignificant contribution to the results. However, due to the fact that decisions on the inclusion or 44 exclusion of processes are commonly taken on the basis of subjective choices rather than on a scientific 45 basis, it might happen that significant processes are also left out of the analysis along with the 46 insignificant ones. This problematic feature of P-LCA method is known as truncation error. 47
The I-O LCA is a top-down approach that relies on the theory introduced and developed by Nobel 1 Prize winner Wassily Leontief (Leontief, 1970) . It uses available sectorial monetary transaction 2 matrixes describing complex interdependencies of industries in an economy to estimate the sector level 3 environmental burdens and the resources consumed throughout the upstream supply-chain to deliver a 4 certain amount of different goods and services (Suh et al., 2004) . 5
Although the I-O LCA method eliminates the truncation error by tracking all upstream processes, 6 there are several drawbacks: (i) it uses aggregate data representing the averages of several sectors of an 7 economy, and aggregate industry sectors may make the method unable to provide information on the 8 particular product or activity under investigation, such as specific raw materials and energy sources, 9
and to compare similar products within an industry sector, especially if the product falls into a sector 10 which is broadly characterized; (ii) from the I-O LCA practitioner's perspective it may look like a 11 "black box", because comprehensively analyzing a specific process is always impossible; (iii) monetary 12 value, the most commonly used representation of inter-industry transactions, can distort physical flow 13 relations between industries due to price inhomogeneity; (iv) the proportionality assumption, according 14 to which the inputs to a sector are assumed to be linearly proportional to its output, represent another 15 source of errors given that in practice it is not always true; 46 2006a). However, the most expressive step towards its integration into the environmental decision 47 making process was taken first by Hunkeler et al. (2008) , and, later, by Swarr et al. (2011) , through the 1 disclosure of a code of practice that builds on the four-phase structure of the ISO 14040 standards (ISO,  2 2006a). This code of practice aims to provide guidance on how to define consistent system boundaries 3 for complementary and parallel LCC and LCA studies of a given product system. 4 On the basis of the approach adopted to account for the externalities, Hunkeler et al. (2008) divide  5 LCC into conventional, environmental or societal. Conventional LCC is a collection of all costs 6 associated with the life cycle of a product that are directly covered by the main producer or user in the 7 product life cycle. Environmental LCC, on the other hand, assesses the costs associated with the life 8 cycle of a product, covered by one or more of the actors involved in the life cycle of the product, and 9 also includes the externalities that might be internalized and reflected in real monetary flows within a 10 foreseeable time frame. Another point that distinguishes this approach from the previous one lies with 11 the fact that it also requires a complementary LCA with equivalent system boundaries and functional 12 units. 21 The research work presented in this paper builds on the P-LCA and LCC models introduced by Santos 22 et al. approach that allows the sub-models to connect with one another by data flows; specifically, the 25 monetary flows associated with exchanges of the pavement life cycle system that are directly covered 26 by the LCC model but for which specific process data are either completely or partially unavailable. In 27 other cases it is available, but collection of the data and subsequent analysis is highly demanding, either 28 in time or resource consumption (e.g. construction equipment manufacturing and maintenance, on-and 29 off-road vehicles tires manufacturing, lubricant oil production, etc.) and, thus, was disregarded in the 30 previous P-LCA models (Santos et al., 2015a,c) . These are combined with the I-O methodology for 31 deriving the underpinning environmental burdens. Thus, by interactively integrating the strengths of 32 process-based LCI (P-LCI) and I-O LCI, the resources which are readily available can be used in a more 33 efficient, consistent and rational way and with less effort, helping to reduce the "cutoff" errors and 34
improving the consistency between the system boundaries of the pavement life cycle when analyzed 35 concomitantly from the economic and environmental viewpoint. Table a  6 pavement structure was designed with a structural number (SN) of 7.38. The details of the interstate 7 flexible pavement structure and hot mix asphalt (HMA) mixtures properties are described in Table 1.2  8 of the electronic supplementary materials. 9 10 This study analyzed and compared the environmental and economic performance of three main groups 11 of alternative M&R strategies (scenarios) applied over the PAP of the pavement structure presented in 12 the previous section. The first two groups were based on the M&R plan outlined by VDOT (VDOT ,  13 2014), in which functional and structural treatments and a major rehabilitation are applied in pre-14 established years. Nevertheless, they were considered to differ from each other to the extent that in the 15 first group only conventional asphalt materials and treatments were implemented, while in the second 16 group the major rehabilitation was carried out through the combination of an in-place recycling 17 technique, namely CCPR, and conventional asphalt layers. The recycling-based M&R activity was 18 designed in such a way that it provides equivalent structural capacity to non-recycling-based one and 19 takes into account the VDOT's surface layers requirements for layers placed over recycling-based 20 layers (VDOT, 2013). In turn, the third group consisted of preventive maintenance strategies. 21 The first two groups of alternative M&R strategies, hereafter named VDOT strategy and 22
Maintenance and rehabilitation scenarios
Recycling-based VDOT strategy, respectively, were further divided into HMA and Sasobit ® WMA 23 scenarios with three distinct RAP contents (0%, 15% and 30%). As for the preventive alternative 24 maintenance strategies, two additional scenarios were considered depending on the type of preventive 25 treatments adopted: microsurfacing and thin hot mix asphalt overlay concrete (THMACO). A summary 26 of the names of all considered scenarios is given in Table 1 . Details on the M&R activities and M&R 27 actions considered in the several M&R scenarios are presented in Table 2 .1 of the electronic 28 supplementary materials. 
where is the critical condition index in year t since the last M&R activity, i.e. CM, RM or RC; 17 is the critical condition index immediately after treatment; and a, b, and c are the load-related 18 PPPM coefficients (Table 3) . 19 20 Thus, in this case study the considered PM treatments, i.e. microsurfacing and THMACO, were 25 respectively modelled as a 8-point and 15-point improvement in the CCI of a road segment which take 26 place whenever the CCI falls below the trigger value of 85 (Chowdhury, 2011) . Once the treatment is 27 applied, it is assumed that the pavement deteriorates according to the PPPM of a CM, without reduction 28 of the effective age. On the other hand, in the case of the application of CM, RM and RC treatments, 29 the CCI is brought to the condition of a brand new pavement (CCI equal to 100) and the age is restored 30 to 0 regardless of the CCI value prior to the M&R activity application. 31 For the purpose of estimating the environmental impacts and costs incurred by road users during 32 the pavement usage phase due to the vehicles travelling over a rough pavement surface, a linear 33 roughness prediction model, expressed in terms of International Roughness Index (IRI), was considered 34 (Equation (2)). 35 36 The model entails six pavement life cycle phases: (1) materials extraction and production, (2) 21 construction and M&R, (3) transportation of materials, (4) WZ traffic management, (5) usage, and (6) 22 EOL. These phases were broken down into multiple components for each life cycle phase. 23 The environmental burdens and costs of planning, research, design activities, purchase of 24 necessary rights-of-way, relocating utilities, constructing the roadway cuts and fills, and placing major 25 drainage features for the mainline were not included into the system boundaries since the majority of 26 those items regards to the whole road infrastructure and are either not exclusive to the pavement 27 structure or entail a high level of subjectivity. Also excluded from the system boundaries were the 28 environmental burdens due to labor. Furthermore, with regard to economic modelling performance, 29 only real monetary flows were accounted for in order to avoid double counting the environmental 30 impacts (Swarr et al., 2011 As far as the system boundaries for RAP are concerned, it is assumed that prior to its utilization 16 the material is processed via a crushing operation, which reduces the variable RAP fragments to uniform 17 size in order to promote final blend consistency. The environmental burdens resulting from milling or 18 removing the previous pavement and hauling the recycled materials from the work site to the recycling 19 unit were not included into the system boundaries on the basis of a 'cut-off' allocation criterion. Thus, 20
only the post-processing of these materials is considered. 21 To accomplish the RAP processing task, a crusher unit located within the asphalt plant facility is 22 considered, which consists of diesel-powered crusher (model Cone LS1200 This section addresses the LCI of the asphalt production process by considering different types of mixes, 36 both with and without different RAP content. In this case study it was assumed that all asphalt mixes 37 were produced through a natural gas-fired conventional drum-mix plant. In a conventional drum mix 38 plant, RAP is not heated directly to prevent additional aging of RAP binder. Instead, the virgin 39 aggregates are previously superheated so that when the RAP is introduced into the drum they dry and 40 heat the RAP by conduction. However, such a superheating temperature is likely to cause additional 41 energy consumption, which may eventually offset the economic and environmental benefits associated 42 with the use of RAP. 43 In order to capture these tradeoffs along with the sensitivity of the air emissions due to the 44 variations in composition and manufacturing temperature of the mixes and the moisture content of the 45 raw materials, the heat energy required to produce the asphalt mixes was determined through an energy 1 balance represented by Equation (3).
where Q is the heat energy required to produce the asphalt mixture (J), is the mass of material i 5 (kg), M is the total number of materials, including water, is the final temperature of material i (ºC), 6
is the initial temperature of material i (ºC), is the specific heat capacity coefficient, as a 7 function of temperature, of material i [J/(kg/ºC)], is the latent heat required to evaporate water (2256 8
is the final mass of water vapor (kg), is the initial mass of water vapor (kg), and 9
HeatingEffF is a factor that represents the casing losses. 10 To account for the fact that specific heat capacities of minerals and fluids increase substantially 11 with temperature, the equations presented by HeatingEffF, a value of 80% was adopted for the production of all mix types after calibrating the model 21 with the data corresponding to the HMA production in the case study of Munster, Indiana, reported by 22 West et al. (2014) . The HMA mixing temperature was set at 160ºC (APEC, 2000) and the initial 23 temperature of all raw materials other than bitumen was assumed to be equal to the ambient temperature 24 of 15ºC. In the case of the latter, it was considered that it remains stored at 160ºC in heated tanks located 25 in the asphalt plant facility. The volume of natural gas required to heat the insulated storage tanks was 26 calculated based on the total quantity of binder heated, the total time the bitumen spends in the tanks 27 throughout the paving season and the heat capacity of the tanks (see Table 3 .1.2, Table 3.1.3 and Table  28 3.1.4 in electronic supplementary materials). As for the WMA, whose mix design was considered the 29 same as that of the homologous HMA, it was assumed that the addition of 1.5% of Sasobit ® per mass 30 of bitumen reduces the mixing temperature by 25ºC in relation to the reference temperature of 160ºC. it was also assumed that the RAP used in WMA can be blended with new asphalt binder at this lower 34 temperature. 35 In order to determine the air emissions resulting from the mixing process of all mixes considered 36 in this case study, a methodology was developed based on the emission factors (EFs) published by the 37 AP-42 study of hot-mix asphalt (HMA) plants (US EPA, 2004) corresponding to a natural gas-fired 38 filter-controlled drum-mix plan, and the thermal energy required to produce the asphalt mixes. Firstly, 39 the average EFs referring to the production of a HMA with 0% RAP were taken as reference. Secondly, 40 as the CO 2 emissions primarily result from fuel combustion, the average emission of this GHG was 41 Information Agency (EIA) to determine the quantity of natural gas whose combustion would release 2 the same amount of CO 2 (US EIA, 2013). Thirdly, for each mix an EF multiplier was determined 3 through the ratio between the thermal energy computed with Equation (3) and the thermal energy 4 calculated according to the procedures previously described. Finally, GHG and air pollutant EFs from 5 mixes production were derived by multiplying the EFs taken as reference by the EF multipliers. The 6 values of the EF multipliers as well as the natural gas consumption requirements for producing all mixes 7 considered in this case study are shown in Table 4 . The natural gas consumption reported in this table  8 was complemented with the consumption of electricity to account for the operation of the electric 9 components of the asphalt plant setup, e.g. conveyor, screens, etc. (Stripple, 2001 ). 10 11 In addition to the process-based components described throughout this section, the I-O LCI 19 approach was adopted to estimate the environmental burdens associated with the manufacturing, repair, 20 maintenance, interest on loan and insurance of the asphalt plant setup and auxiliary equipment (Table  21 3.1.1 of the electronic supplementary materials). The amortization of the environmental burdens was 22 done by applying the portion of the asphalt plant setup and auxiliary equipment's depreciation that was 23 actually allocated to the quantity of asphalt mixes consumed in a given construction activity and 24 considering the average annual production of asphalt mixes. For example, if the annual depreciation of 25 the asphalt plant setup is $150,000, the average annual production of asphalt mixes in 2011 is 114,000 26 tonnes (Hansen and Copeland, 2014) and the quantity of asphalt mixes to be consumed in the 27 construction activity is 1,000 tonnes, then (150,000/114,000) 1,000 = $1,360 is the economic value 28 that will be input into the EIO-LCA model to determine the environmental burdens resulting from the 29 manufacturing of asphalt plant that will be allocated to the construction activity considered. A similar 30 × approach was adopted in the construction, M&R and transportation of materials phases for determining 1 the environmental burdens associated with the construction equipment and hauling trucks, but taking 2 as allocation factors the number of usage hours and hauling kilometers travelled to undertake a given 3 construction activity. In the construction and M&R phase, the process-based environmental burdens are due to the 6 combustion-related emissions from construction equipment usage and were obtained by applying the 7 methodology adopted by the US EPA's NONROAD 2008 model (US EPA, 2010a). Information 8 regarding the type and features (e.g. brand, model, engine horsepower, etc.) of each equipment used to 9 perform the several construction and M&R activities, as well as their respective production rates were 10 taken from the technical specifications provided by the equipment's manufacturers and complemented 11 with the literature (US ACE, 2011; Caterpillar Inc., 2012). 12
In addition to the process-based components presented previously, the I-O LCI approach was 13 adopted to estimate the environmental burdens associated with the equipment manufacturing, repair, 14 maintenance, fuel, oil and greases (FOG) consumption, interest on loan, asset insurance, taxes on 15 property, special wear items consumption and tire consumption of the equipment that define the 16 construction or M&R process being considered ( The usage phase addresses the pavement's environmental burden resulting from the interaction of the 4 pavement with the vehicles, environment and humans throughout its PAP. Among the factors that have 5 been identified in past research as being worthy of consideration during the usage phase of the pavement 6 (i.e. tire-pavement interaction, traffic flow, albedo, leachate and runoff, carbonation and lighting) only 7 the contribution from the tire-pavement interaction, namely the pavement roughness as measured by 8 IRI, was taken into account in this analysis. The rationale for this decision lies with the fact that the 9 remaining components either do not apply to the features of the case study under evaluation or lack well 10 established and consistent scientific background. In order to determine the influence of the pavement 11 roughness on vehicle FC and tailpipe emissions, the HDM-4 fuel consumption model (Bennett and  12 Greenwood, 2003), calibrated and validated for US conditions by Chatti and Zaabar (2012), was 13 combined with data from the US EPA's MOVES model according to the approach proposed by Santos 14 et al. (2015c) . In the particular case of the effect of the macrotexture on vehicle fuel economy, this was 15 not considered because the prediction of its evolution over time is a difficult task, in the sense that it 16 may present contradictory behaviours (i.e., increase or decrease over time) depending on the type of 17 distresses developed throughout the pavement life cycle. The effects of this surface property on fuel 18 consumption would have been considered if the research work described in this paper had been applied 19 to a real pavement section with a record of macrotexture measurements that enabled the development 20 of a prediction model. However, the pavement section considered in the case study is a generic section, 21 representative of the conditions existing in a typical Interstate highway in Virginia. 22 As far as the I-O LCI components are concerned, the environmental burdens related to the 23 following items were considered: on-road vehicles manufacturing, maintenance and repair and tire 24 consumption ( End-of-life phase 26 Given the hierarchical level of the road under consideration the most likely EOL scenario for the 27 pavement section in this analysis is that it will remain in place after reaching the end of the PAP, serving 28 as the foundation for the new pavement structure. Thus, in order to model this pavement life cycle phase 29 a 'cut-off' allocation method was adopted. According to this allocation method, each product is assigned 30 only the burdens directly associated with it (Nicholson, 2009 Although it is not considered a pavement life cycle phase, as are those previously introduced, energy 34 source production and transportation is an unavoidable process that is common to all pavement life 35 cycle phases. In this case study, the GREET model (Argonne National Laboratory, 2013) was used as 36 the source of the LCI for the production and delivery of energy sources. For all energy sources except 37 electricity, the GREET model default data was used. In the case of electricity, a default electricity mix 38 was modified to reflect the electricity production in the state of Virginia (US EIA, 2012 In this section, it should be mentioned that a change in the price of the virgin asphalt binder was 1 considered when a RAP percentage of 30% was used in the mixes due to the lower PG category of the 2 asphalt binder used in those circumstances (VDOT, 2012a The construction and M&R phase costs represent the costs incurred by the highway agency during the 5 actual performance of a construction or M&R activity at a particular work site on a specific day and 6 time. They include the construction equipment owning costs (depreciation, interest, insurance, taxes on 7
property and allocation to work site), the construction equipment operation costs (fuel consumption, 8 planned maintenance and FOG, repair, tire consumption and special wear items) and the labor costs 9 corresponding to the wages and benefits paid to the crew members for the work performed at a work 10 place. The materials costs, as well as the costs associated with the hauling movements required to 11 deliver the materials from the point of production to their destinations are accounted for in individual 12
phases In the case study, the most likely EOL scenario for the analyzed pavement structure is that it will remain 4 in place after reaching the end of the PAP, serving as the foundation for the new pavement structure. 5
Thus, the salvage value of the pavement structure is given by the value of its remaining service life. 6 The service life of the pavement was assumed to end when the CCI exceeds the value of 49, which 7 according to the VDOT's Highway System Performance Dashboard (VDOT, 2012b) corresponds to the 8 threshold ( ) beyond which a ride is classified as "very poor". 9
In order to compute the value of the remaining service life, and thus, the salvage value of the 10 pavement at end of the PAP, Equation (4) was adopted. It quantifies the salvage value of the pavement 11 as the proportion of the total highway agency costs incurred due to the application of the last M&R 12 activity equal to the proportion of the remaining life of that M&R activity (Walls and Smith, 1998). 13 14 , 21 The US-based impact assessment methodology, the Tool for the Reduction and Assessment of 22
Life cycle impacts assessment
Chemical and other environmental Impacts 2.0 -TRACI 2.0 (Bare et al., 2011) from the US EPA, was 23 adopted in this study to conduct the impact assessment step of the LCA on the basis of obtained 24 inventory as compiled in the previous step. The TRACI impact categories used in the analysis include: 25 acidification air (AC), eutrophication air (EU), human health criteria pollutants (HH) and 26 photochemical smog formation (PSF). The time-adjusted characterization model for the climate change 27 (CC) impact category that was proposed by Kendall (2012) was used, as opposed to the traditional time-28 steady International Panel on Climate Change model. Furthermore, three energy-based indicators were 29 also included in the assessment: (1) primary energy obtained from fossil resources, (2) primary energy 30 obtained from non-fossil resources and (3) feedstock energy. The feedstock energy was fully allocated 31 to the virgin binder, with none attributed to RAP. This assumption aims to avoid double counting since 32 it would be expected to be accounted for in the previous pavement system. 33 34 Once all the cost categories associated with each scenario under assessment are identified and 35 calculated, the concept of net present value (NPV) was applied. This allows expenses occurring at 36 different points in time to be summed up on a yearly basis by using a discount rate in the calculations 37 to reflect the "time value of money". In this case study, a real discount rate of 2.3% was used. 2 Figures 3(a) to 3(h) display the normalized life cycle impacts of the alternative scenarios across the 3 eight impact and energy demand categories. Each scenario is normalized by the impact category score 4 observed in the first scenario, where all conventional materials and M&R activities were applied. In 5 addition, for each pavement life cycle phase, the relative savings in relation to the homologous phase 6 of scenario 1 are presented. Complementarily, the absolute value of the impact category scores are 7 illustrated with labels placed right below the top of the bars. 8 9
Life cycle costs computation
Insert Figure 3 approximately here. 10 11 These results clearly indicate that scenario 14 (preventive maintenance: THMACO) is the least 12 harmful to the environment, as it was found to cause the lowest impact in seven out of eight impact and 13 energy demand categories. Compared to scenario 1, a reduction in all impacts ranging from 18% (HH) 14 to 38% (NFoPE), can be achieved as a result of implementing the THMACO-based preventive M&R 15 strategy. The second best environmental performance is denoted by the microsurfacing-based 16 preventive M&R scenario. The fact that the implementation of preventive M&R strategies results in a 17 better pavement condition throughout the PAP along with the key role played by the usage phase in 18 driving the environmental performance of a pavement system, explains the greater reduction in the 19 environmental impact associated with the implementation of scenarios 13 and 14. 20 Contrary to the merits exhibited by the preventive maintenance scenarios, the scenarios consisting 21 of implementing the VDOT M&R strategy present the highest environmental impact. In particular, 22 scenario 4 (VDOT M&R strategy: WMA -0% RAP) entails the highest environmental impact for four 23 out of eight impact and energy demand categories. However, it is worth mentioning that this result 24
should not be seen as conclusive with regard to the disadvantages of WMA over conventional mixtures, 25 since the environmental burdens that scenario 4 originate are quite similar to those of the scenario 1 26 (VDOT M&R strategy: HMA -0% RAP), and do not show a steady pattern of improvement or 27 deterioration of the environmental performance across all impact categories. Moreover, scenario 1 28 entails the highest environmental impact for three out of eight impact and energy demand categories, 29 and overall, it is the second most harmful scenario when scenario 4 presents the poorest environmental 30 performance. For instance, examining the lines in Figure 3(b) , which display the savings of emissions 31 of SO 2 -eq incurred during the materials phases, one can see that the difference between the 32 aforementioned scenarios is just 1.33%. Residual savings are also observed in the remaining impact and 33 energy demand categories. The exception is the NFoPE energy demand, where an improvement of the 34 environmental performance was observed, which can be as high as 33.18%. Such residual and 35 contradictory values mean that for the conditions considered in this case study, the overall impacts of 36 WMA are not substantially different from those of HMA with the same RAP content, and a general 37 conclusion on which type of mix is environmentally preferable cannot be drawn. Therefore, one 38 noteworthy outcome of this case study is that the decrease in the impacts of WMA due to the reduction 39 of production temperature is offset by the increase in the impacts due to the production of Sasobit ® , 40 despite its small proportion in mixture composition. Furthermore, even if the lower compacting efforts 41 associated with the WMA were taken into account, there would be no meaningful change in the 42 environmental performance of the system under analysis, as the environmental burdens associated with 43 the operation of construction equipment have a relatively small impact over the life of a pavement. 44 Regarding the environmental benefits resulting from incorporating RAP into asphalt mixtures, the 45 comparison of scenarios involving the application of the same type of mixture but with different RAP 46 contents shows that the environmental impacts can be reduced by as much as 17% (AC due to materials 47 phase), and 29% (FsE). Overall, in relative terms, the greatest advantage stems from either the materials 1 or the transportation of materials phases, while in absolute terms the materials phase plays the most 2 important role in lowering the overall environmental impact. 3
As far as the potential environmental benefits of implementing recycling-based M&R activities, 4 as opposed to the conventional M&R practices, are concerned, Figures 3(a) to 3(h) show considerable 5 environmental impact reductions across all categories. The maximum reduction in environmental 6 burden can be as high as 16% and was observed in the NFoPE energy demand of the materials phase. 7
In absolute terms, the majority of the environmental benefits spring from materials and WZ traffic 8 management phases, depending on the impact category being considered. Despite the overall benefits 9 associated with the implementation of the recycling-based VDOT M&R strategies (scenarios 7 to 12), 10 it should be noted that the construction and M&R phases of those scenarios present the poorest 11 environmental performance among competing scenarios. The reason for this outcome lies with the fact 12 that the implementation of recycling-based M&R activities requires the use of heavy construction 13 equipment with high-rated power engines. 14 15 Figures 4 counterparts. This is because undertaking recycling-based M&R activities requires the use of heavy 33 construction equipment which commonly incurs high owning and operating costs. 34 In contrast, the preventive maintenance scenarios are the least beneficial for the highway agency's 35 interests, as they imply an increase in the life cycle costs of about 3 and 9% in relation to scenario 1. 36 These outcomes are explained by the greater number of interventions that are required to be 37 implemented in order to comply with the M&R triggering policy. Another outcome worth highlighting 38
Life cycle costs analysis
in Figure 4 (a) concerns the third poorest performance, among all the competing alternatives, as seen in 39 scenario 4 (VDOT M&R strategy: Sasobit ® WMA -0% RAP), as it implies a slight increase in the life 40 cycle highway agency costs of about 2.2% in relation to scenario 1. This result means that the benefits 41 resulting from energy cost savings associated with the manufacturing of WMA were offset by the 42 increased production costs related to the asphalt plant modifications, which in this case study, consisted 43 of adding a pneumatic Sasobit ® feeder to the default equipment existing in an asphalt plant facility, and 44 the acquisition and transportation costs of the Sasobit ® . 45
As for the costs incurred by road users, Figure 4 that the percentage of non-WZ RUC in the total value incurred by these stakeholders ranges from 15 to 10 33%, with an average value of 31%. 11 12 In order to determine the preference order of alternative scenarios, a MCDA method was applied. 13 Specifically, the TOPSIS method (Hwang and Yoon, 1981) , was chosen due to its (1) simple, rational 14 and understandable concept; (2) straightforward computation; (3) LCA model are not available in the BEES software, they were given a weight of 5 points each, as much 27 as the weight assigned to the Fossil Fuel Depletion impact category considered in BEES software. All 28 the weights assigned to the environmental sub-criteria were posteriorly rescaled, so that the sum of their 29 values totals 100 points. Thus, in the MCDA, the final weight of each environmental sub-criterion is 30 the value resulting from multiplying the weight of the main environmental criterion by the weight 31 determined, as explained above. 32 The best scenario for all possible weighting combinations between the three main criteria is 33 displayed in Figure 5 The axes are scaled so they increase in a clockwise direction around the diagram. Each point in the 35 triangle area corresponds to a specific weighting set and the relative weights always add up to a total 36 weight of 1 (or 100%). This leads to a graphical representation of two dominance areas separated by a 37 straight equilibrium line. This line comprises a set of points in the triangle where the scenarios being 38 compared have the same ranking position. From the analysis of Figure 5 one can conclude that of the 39 competing scenarios, only two (scenarios 9 and 14) have the potential to rank best. Of those, scenario 40 9 is clearly the one that presents the largest area of superiority. If the decision is exclusively based on 41 either HAC or RUC, scenario 9 ranks best. In turn, if the environmental performance is the only criterion 42 taken into account, then scenario 14 outperforms the remaining ones. 43 44 Insert Figure 5 From the analysis of Table 5 it is clear that the position of scenarios 9 and 14 in the ranking of the 27 best compromise solutions is robust. In general, the consideration of scenarios different from the 28 baseline only originate a slight change in the areas of dominance. The only exception to this outcome 29 is observed when different IRI grow rates are considered. In these circumstances, for a given set of 30 weights scenario 1 was found to be the best compromise scenario. This happens when the weight values 31 assigned to the environmental sub-criteria are high while those assigned to the remaining criteria are 32 low, and can be explained by the increase in the roughness-related user costs associated with higher IRI 33 grow rates. 3 From the methodology and results presented and discussed in the previous sections, the following 4 findings are worth highlighting: 5
Overall performance
• THMACO-based preventive maintenance is the least harmful scenario to the environment, 6 being responsible for the lowest impacts in the overwhelming majority of the categories. 7
Compared to the scenario where only conventional materials and treatments are applied 8 (scenario 1), a reduction in all impacts ranging from 18% (HH) to 38% (NFoPE) can be 9 achieved as a result of implementing the THMACO-based preventive M&R strategy; 10
• The life cycle environmental impacts of WMA are in general identical to those of HMA with 11 the same RAP content. The decrease in the impacts of WMA due to the reduction of production 12 temperature is offset by the increase in the impacts due to the production of Sasobit ® ; 13
• Producing asphalt mixes with 30% of RAP allows environmental impacts to be reduced by as 14 much as 29% (FsE impact category). In relative terms, the greatest advantage springs from the 15 transportation of materials phase, while in absolute terms the materials phase plays the most 16 important role in lowering the overall environmental impacts; 17 • Applying a recycling-based VDOT M&R strategy where the structural treatments is carried out 1 through a CCPR technique leads to reduction in the environmental burdens of some pavement 2 life cycle phases that can be as high as 16% in relation to those generated by an equivalent and 3 conventional M&R strategy; 4
• Applying the THMACO-based preventive M&R strategy is simultaneously the most costly 5 strategy for the highway agency and the least expensive for road users. On the other hand, 6
implementing the recycling-based VDOT M&R strategy, where the asphalt mixtures are of type 7
HMA containing 30% of RAP (scenario 9), and the microsurfacing-based preventive M&R 8 strategy, yield the greatest life cycle highway agency savings and RUC expenses, respectively; 9
• The recycling-based VDOT M&R strategy: HMA -30 % RAP is clearly the scenario that best 10 suits the majority of the interests of the stakeholders as a whole, even when different design 11 and performance scenarios of the mixtures and type of treatments are evaluated. 12 6. Summary and conclusions 13 A shift towards more environmentally and economically responsible behavior in the road pavement 14 construction and management field triggered the need to develop and implement new pavement 15 engineering solutions. Complementarily, a comprehensive and wide-scoped assessment of the 16 effectiveness of those solutions in achieving their intended objectives, requires the use of 17 comprehensive life cycle modelling approaches, which provide valuable information for those in charge 18 of making decisions. 19 Keeping this in mind, a comprehensive and integrated pavement LCC-LCA model was developed 20 and used to investigate the potential environmental and economic benefits resulting from applying in-21 plant recycling mixtures, WMA, cold in-place recycling and preventive treatments throughout the life 22 cycle of a pavement structure. 23 For the conditions considered in this case study, the recycling-based VDOT M&R strategy, where 24 the asphalt mixtures are of type HMA containing 30% of RAP has been shown to be more compliant 25 with the highway agency and road users' demands for affordable road maintenance and usage over its 26 life cycle than the remaining technical solutions investigated. Moreover, this solution also revealed a 27 superior overall performance when the interests of all three stakeholders, meaning highway agency, 28 highway users and the environment, were concomitantly taken into account in a MCDA. On the other 29 hand, from the exclusive environmental performance point of view, implementing a THMACO-based 30 preventive maintenance strategy has proven to be the most environmentally preferable solution. 31 A sensitivity and scenario analysis was undertaken to assess the robustness of the outcomes in 32 response to variations in some of the most relevant input values. The analysis has shown that variances 33 to the key assumptions considered when assessing the life-cycle environmental and economic 34 performances of multiple pavement construction and maintenance practices do not considerably alter 35 the overall advantage resulting from implementing a recycling-based VDOT M&R strategy, where the 36 asphalt mixtures are of type HMA containing 30% of RAP. 37 Providing life cycle perspectives of the environmental and economic implications of implementing 38 new pavement engineering solutions and management practices is without doubt an essential first step 39 towards enhancing pavement infrastructure sustainability. In this sense, because the methodology 40 presented in this paper possesses a clear and well-defined mathematical formulation, it can easily be 41 made available to asphalt mixtures producers and/or department of transportation engineers in a 42 software tool. Its use in parallel with monitoring systems, which, among other tasks, controls aggregates 43 and RAP moisture contents and mixing temperatures, can be useful to set thresholds beyond which an 44 increase (or decrease) of the parameter values may have a negative impact on the economic and/or 45 environmental performance of a given paving strategy, either for the particular conditions of the project 46 in question or for the overall conditions of applicability of the pavement engineering solution. 47 Furthermore, although it does not consider the social dimension of sustainability, the proposed 1 methodology represents an additional step in helping decision makers to promote solutions that are 2 expected to result in more sustainable pavements. Given that it relies on a comprehensive approach, it 3 allows practices to be evaluated from a wider and more collective system perspective, which is 4 beneficial for capturing the eventual existence of environmental and economic tradeoffs resulting from 5 including commonly neglected substances and processes within the scope of analysis. Also, by 6 displaying the best compromise alternatives corresponding to all combinations of weights, it provides 7 a learning platform for those in charge of the decision-making process. In this way, they can directly 8 evaluate how the final decisions vary depending on the preferences and perspectives of the multiple 9 stakeholders. 10 Nevertheless, it is no less true that decision making in a pavement management context is a much 11 more complex exercise, where other variables and constraints came into play, so it cannot be efficiently 12 conducted through the exclusive use of LCA and LCC approaches. Improved approaches for optimizing 13 the selection of treatments, materials and application timings based on specific and often conflicting 14 objectives and constraints are required. Thus, future work on this topic will focus on enhancing the 15 potentialities and capabilities of the proposed LCC-LCA model by integrating it into a multi-objective 16 optimization framework. 17 18 19 This work has been supported by the project EMSURE -Energy 
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